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Prospects & Overviews
Horizontal transfer of short and
degraded DNA has evolutionary
implications for microbes and
eukaryotic sexual reproduction
Søren Overballe-Petersen and Eske Willerslev
Horizontal gene transfer in the form of long DNA fragments
has changed our view of bacterial evolution. Recently, we
discovered that such processes may also occur with the
massive amounts of short and damaged DNA in the
environment, and even with truly ancient DNA. Although it
presently remains unclear how often it takes place in
nature, horizontal gene transfer of short and damagedDNA
opens up the possibility for genetic exchange across
distinct species in both time and space. In this essay, we
speculate on the potential evolutionary consequences of
this phenomenon. We argue that it may challenge basic
assumptions in evolutionary theory; that it may have
distant origins in life’s history; and that horizontal gene
transfer should be viewed as an evolutionary strategy not
only preceding but causally underpinning the evolution of
sexual reproduction.
Keywords:.anachronistic evolution; evolution; horizontal gene
transfer; meiosis; natural transformation; sexual
reproduction; short and degraded DNA
Introduction
Horizontal gene transfer (HGT) refers to processes in which a
cell acquires genetic material from sources besides the genetic
material inherited from its parent cell. The concept of HGT –
originally termed, “genetic transformation” – dates back to
Frederick Griffith’s classic mouse experiments with heat-
treated Streptococcus bacteria in 1928 [1]. Since then, there
has been a steady increase in knowledge on HGT, and today
HGT is viewed as common among prokaryotes [2]. As an
evolutionary phenomenon, HGT severely complicates our
understanding of bacterial evolution and systematics by
introducing a reticulate component (linkages between
branches after divergence) to simple bifurcating phylogenetic
reconstructions [3].
Although HGT often takes place through direct cell-to-cell
contact, it is not restricted to that route. Notably, a common
form of HGT known as “natural transformation” involves
transfer of extracellular DNA [4, 5]. However, so far natural
transformation has only been shown to function with
kilobase-long DNA fragments released from living or recently
deceased cells [6]. Natural transformation is a process that
consists of two parts, first DNA uptake and then DNA
integration. Canonical integration through homologous
recombination relies on sequence homology between donor
DNA and the host genome. Therefore, the nature of the
process implies that natural transformation mainly takes
place between DNA of closely related strains [7, 8].
Kilobase-long DNA fragments do not persist for long in the
environment [6, 9, 10]. Therefore, degraded DNA from dead
organisms is thought to be simply a source of microbial food
rather than the stuff of natural transformation. Intriguingly,
such degrading extracellular DNA is found in huge amounts in
the environment. There are typically several micrograms of
DNA per gram of soil and sediment, and of this, more than half
may belong to extracellular fragments in various stages of
degradation and fragmentation [11]. Globally, this runs into
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gigatons of extracellular DNA [12]. Rivers alone release around
859–14,500 tons of sedimentary DNA yearly [13]. Much of the
extracellular DNA ends up as food for bacteria or as single
nucleotides as a result of enzymatic fragmentation or
spontaneous degradation processes such as hydrolysis and
oxidation [14]. Nevertheless, studies have shown that short
DNA fragments may persist for tens of thousands of years [15,
16], and over half a million year-old environmental DNA is
reported from frozen environments [17, 18]. Additionally, it
was recently reported that an ancient horse bone (dated to
735 88 thousand years ago) recovered from permafrost
yielded enough short DNA fragments to patch together a full
genome, albeit at low coverage [19]. If such ancient DNA still
carries enough sequence information to retrieve a genome, it
might have a biological effect as well.
In November 2013, we established that small DNA
fragments, (down to 20 bp in length), purposely damaged
by the introduction of abasic sites, crosslinks, or deamination,
can be taken up by natural transformation in the soil
bacterium Acinetobacter baylyi [13]. Furthermore, we showed
that the mechanisms behind such DNA integration is different
from that of kilobase-long fragments, and solely depends on
the structure of replication forks in DNA replication (Fig. 1). As
such, the integration mechanism is spontaneous and very
simple when compared to “classical” natural transformation
that requires recombination proteins such as RecA. In support
of this notion, previous studies with artificial transformation
have also reported that short DNA fragments can mutagenize
cells in a RecA-independent manner [20–27]. Furthermore,
several of these authors have similarly suggested that
annealing at replication forks is the mechanism behind the
process. However, prior to this, the shortest DNA observed to
naturally transform bacteria was 294 bp: consequently, short
DNA recombination was considered to be relevant only for
genetic engineering [28].
The universality of the mechanism behind the uptake of
short and damaged DNA implies that its integration can in
principle occur in any cell. Thus, it is not unreasonable to
imagine that each time a cell encounters short and degraded
DNA there is a probability, albeit small, that the cell is
transformed. This may even happen with truly ancient DNA,
as we showed with the natural transformation of a bacterium
even with DNA from a 43,000-year-old woolly mammoth.
Importantly, we would like to emphasize that at this time it
remains unknown how often natural transformation of short
and degraded DNA takes place in natural settings. As such its
evolutionary implications – the topic of this essay – are highly
speculative, but nevertheless interesting, considerations.
Short extracellular DNA recycles and
causes anachronistic evolution
Nucleic acids are an important source of phosphate, which is
often a growth-limiting substrate for plants and animals. In
addition, DNA represents an energy source supplementing
that derived from carbohydrates, lipids, and proteins [12, 29].
Thus, it is not surprising that many microbes transport DNA
chains into their cells.
When DNA is deposited outside the cell it gradually
disintegrates into short fragments – often less than 100bp in
length – and accumulates damage such as abasic sites,
crosslinks, andmiscoding lesions [10, 30, 31]. Thus, degradation
produces genetic diversity in extracellular DNA. If integrated
into bacterial genomes, such damaged DNA may further
produce new genetic variation during genome replication
because of the increased “risk” of replication errors. In other
words, two direct evolutionary implications of natural transfor-
mation of short and degraded DNA in natural settings are:
(i) that DNA of dead cells is a direct contributor to the genetic
diversity on which evolution works in living cells and (ii) that
higher genetic diversity in dead cells will speed up the
evolutionary processes in living cells (Fig. 2). These principles
distinguish themselves fundamentally from classical evolution-
ary theory where dead organisms have no direct genetic impact
on the evolution of the living. The recognition of HGT as an
evolutionary driver in microorganisms has pushed back this
boundary, but only to recently dead organisms, because gene-
length DNA does not persist beyond a few contemporary
generations [6]. Nonetheless, there is an additional possibility of
genetic recycling after many generations – in principle as long
as short DNA fragments persist in the environment. We call this
phenomenon anachronistic evolution [13]. We now know that
fragmented and damaged DNA down to at least 20bp can in
principle be incorporated into bacterial genomes. Thus, even
DNA from the last ice age retains the potential to change
bacterial genomes. In other words, DNA that has remained
“dormant” in the environment for many generations can be re-
acquired by microbes and result in genetic recycling.
For the long-term evolutionary impact of genome changes,
the frequency of introduction of fragmented foreign DNA is
not the key factor. Selective advantage will determine if a
genome change will become established in a population or
not. Rate of transfer in the population merely determines the
speed with which the establishment occurs (how many
generations). It does not matter if a thousand (or a million)
transformation events are disadvantageous; it is the one
transformation event that results in a selective advantage that
matters to the following generations [2]. What is more, the
one-hit-kinetics that we determined experimentally in the
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Figure 1. Short DNA integration at replication forks. During DNA
uptake both gram-negative and gram-positive bacteria degrade one
strand of the DNA helix and release single-stranded DNA into the
cell. Subsequently, during genome replication, single-stranded DNA
fragments can bind the open chromosome near the replication fork
and function as primers of new DNA. In this way DNA can be
incorporated in the genome of one of the daughter cells. Because of
more open, accessible, chromosomal DNA in the lagging strand,
DNA fragments have a better chance of binding there rather than at
the leading strand.
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PNAS paper [13] shows that individual DNAmolecules have an
equal probability of transforming the bacteria regardless of
high or low DNA concentration. Of course, if there is never an
introduction event of short DNA into bacteria, then no genome
changes are induced and no selection will operate. However,
because of the simplicity of the short DNA natural
transformation process, we find that this process is likely to
occur once in a while in the microbial world.
Environmental conditions change through time and may
result in specifically adapted gene variants being outcom-
peted by others. Later, the environmentmay change again and
become similar to earlier conditions. In such circumstances,
incidental reactivation of old dormant DNA sequences already
adapted to prior conditions may take place. Because of the
short length of old DNA, entire genes are unlikely to transfer
across time. However, short sequence variants of functional
importance may change parts of extant cellular genes.
Through this process evolution may loop back on itself and
restore a previous genotype. This concept expands the idea of
microbes having access to a gene bank in the environment.
Importantly, however, genetic recycling and anachronistic
evolution is not a microbial “Jurassic Park”. Amicrobe will not
be turned into a completely different microbe. By definition,
short DNA natural transformation occurs with fragments of
DNA that hardly ever include full genes. Therefore, the
evolutionary result of such recombinations will often be
difficult to distinguish from mutational processes. Actually, it
may be that a significant fraction of DNA changes that we
identify as random mutations are in fact the result of
recombination with damaged environmental DNA.
Did early life experience horizontal gene
transfer through short DNA natural
transformation?
In recent years HGT has emerged as being a pervasive,
fundamental and important evolutionary process across many
microorganisms. It is even argued that HGT has been highly
active and important since the beginning of cellular life and
that the complexity of life, as we know it,may not have evolved
without HGT [32, 33]. Some scientists have argued that even the
genetic code has been, and probably still is, under evolution-
ary optimization [34]. They propose that the code probably
reached the current state early in life’s history, but they also
suggest that the code is maintained in its current form as a
result of the long-term advantages of having access to a large
pool of genetic innovation. Furthermore, it has been argued
that the amino acids arginine and tryptophan were added to
the universal genetic code only after the divergence of the three
domains, indicating that the universal genetic code is not a
frozen accident, but under constant evolutionary adaptation
including HGT [35–37]. Given the simplicity of natural
transformation by short and degraded DNA, it is tempting
to speculate that such transformation may, functionally
speaking, represent one of the earliest forms of cellular HGT
as a simple by-product of utilizing nucleotides as food sources.
In some environments, especially the oceans, nucleotides
can diffuse far from their source and still carry retrievable
information. During early life, this might have promoted a
shared evolution of microbes living across a large physical
area, where cells integrate similar, albeit partly degraded,
sequences and maintain “genetic coherency” despite lacking
close proximity. For example, microbial life in deep-sea vents,
which by some are believed to be the original habitat of
life [38], would imply that cells would not easily be able to
change genetic information across vents unless they can
exchange and take up degraded molecules. In this manner,
early life in ecological niches physically separated from each
other may still have shared a common evolution due to
diffusion of nucleotides through seawater. Furthermore, short
DNA recombinations are a consequence of strand annealing,
which is simply the chemical and physical behaviour of
polynucleotides, both RNA and DNA strands. Therefore,
similar recombinations are to be expected for RNA/DNA
strands at pre-cellular evolutionary stages, which are
hypothesized to precede the establishment of fully fledged
cells with tight membranes.
Eukaryotic meiosis is a sophisticated
type of horizontal gene transfer
Random recombination occurs in all cells. Assisted recombi-
nation appears to occur in most cells in the form of
Figure 2. Microbe salvaging DNA garbage: Extracellular DNA that a
microbe encounters can be taken up via surface pili structures.
Although most of the extracellular DNA will be re-metabolized, some
short and damaged DNA may diffuse into contact with the cell’s
genome. When this happens there is a probability that the incoming
DNA binds during replication and causes genome changes in one of
the daughter cells. Depending on the DNA sequence, new diversity
may be generated or old genotypes may be reintroduced.
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homologous recombination. Homologous recombination is
important in asexual single-celled microorganisms because it
counters a build up of mutational load of slightly deleterious
mutations: this is termed “Muller’s Ratchet” [39, 40]. Since all
cell lines experience mutations, and because most mutations
are detrimental, a clonal population with no HGT will
deteriorate over the long term. The reason is that a clonal
population selects for the least deleterious – though still
disadvantageous – mutations, rather than expelling such
mutations through homologous recombination. In eukar-
yotes, sexual recombination is thought to prevent the
“Muller’s Ratchet” [41]. In bacteria and archaea it is HGT
that works against the Mullerian accumulation of mutational
load. Therefore, homologous recombination must be an
ancient biological process that predates the establishment
of sexual reproduction/meiosis in eukaryotes.
Recombination with random extracellular DNAmust often
cause deleterious effects. For a single-celled species this
may not be a significant problem because an unlucky cell
simply dies, while other colonial cells continue uninterrupted.
However, for multicellular species such deleterious mutations
may have severe consequences for the remaining cells. In
combination with protective measures (physical and enzy-
matic) against entirely random recombination, sexual recom-
bination allows stable evolution of complexity in cell lines
that can support division of labour and, by extension, proper
cellular differentiation.
All eukaryotes seem once to have had sexual reproduction.
Meiosis is thought to have evolved at the establishment of
the eukaryotic domain, and sexual reproduction is therefore
basal to eukaryotes [42, 43]. Many, especially single-celled,
eukaryotes can reproduce clonally, but still they sometimes
undergo sexual reproduction; a traditional example is that
of mating types in yeasts. Thus, although for example the
invertebrate group of Bdelloid rotifers lacks sexual reproduc-
tion today, it is likely a secondary loss [44]. Simple eukaryotes
may be able to thrive asexually; however it is striking that
Bdelloid rotifers are amongst the few eukaryotes known to
carry out “traditional” HGT by natural transformation [45, 46].
Perhaps Bdelloid rotifers reverted to the strategy of unspecific
HGT to compensate for the loss of sexual recombination. The
unavoidable genetic interference from unspecific recombina-
tion is disruptive to cellular differentiation, especially in
multicellular organisms. Cellular differentiation depends on
precise regulation of specific functions. Both regulation and
function are therefore highly vulnerable to mutations and
random recombination. As eukaryotes – via meiosis – only
recombine with homologous sequences of high similarity (i.e.
speciesmembers), gene function ismaintained, while Muller’s
Ratchet is avoided.
Based on the above observations and considerations,
it is tempting to view the homologous recombination of
classical natural transformation with long DNA fragments as
a mechanism that evolved because it improves on random
short DNA recombination; the improvement being that
genetic exchanges are biased toward longer homologous
events with fewer deleterious results. By logical inference,
short DNA natural transformation occurred first because it
only requires DNA uptake (for nutrient-salvaging for exam-
ple). Classical natural transformation requires the coupling
of DNA uptake and homologous recombination: as a result,
homologous recombination must have evolved before classi-
cal natural transformation – a merger of DNA uptake and
recombination – could evolve. Successful repair of DNA
damage could very well be the direct underlying selection
pressure that has driven such evolution, which then
subsequently found use as a mechanism of genome evolution.
Similarly, sexual reproduction may be considered to be a
later refinement of evolutionary processes, as genetic
exchange is biased toward even longer homologous
exchanges with fewer deleterious results. As such, sexual
reproduction is similar to classical natural transformation. It
ensures homologous recombination of useful genes and
reduces interfering random recombination across the genome.
In that respect, we suggest that there has been a progression
in evolutionary strategies (but not necessarily through protein
homologs) from random short DNA recombination over long
DNA natural transformation to tightly regulated homologous
recombination in the form of meiosis. Sexual reproduction is
traditionally considered to be in opposition to and fundamen-
tally different fromHGT, because –more or less by definition –
sexual reproduction occurs within species and HGT happens
between species. However, the uncovering of short DNA
natural transformation has led us to see meiosis as a refined
gene-exchange mechanism that defines species borders and
not a process that is limited by species borders. Seen in that
light, sexual reproduction is a sophisticated type of horizontal
gene transfer.
Gene transfers in eukaryotes maintain
genetic links to bacteria and archaea
The many characteristic features of eukaryotes did not arise in
the blinking of an eye. However, today we only see the
successful end product of that development. It is interesting to
speculate that early eukaryotes passed through multiple
bottlenecks at high evolutionary speed. The establishment of
mitochondria is plausibly the founding event for eukaryotes
[47]. Introns, the nuclear envelope, the endoplasmic reticu-
lum and other cell compartments likely developed as a
consequence of the endosymbiotic establishment of mito-
chondria [48]. Endosymbiotic relationships allow (unidirec-
tional) HGT from (usually bacterial) endosymbionts to the
host cell (often a eukaryote): this is termed “endosymbiotic
gene transfer”. Several examples are known. Mitochondria
and chloroplasts are the most obvious, but there are also
several other types of plastids of endosymbiotic origin, for
example the apicoplast of the malaria-causing parasite
Plasmodium falciparum. Furthermore, in lichen a symbiotic
relationship exists between fungus and photosynthetic algae
or cyanobacteria; a further example of endosymbiosis is
Wolbachia spp., a parasitic intra-cellular bacterium that
infects many insects and other arthropods [49]. Endosymbi-
otic gene transfer is in contrast to sexual reproduction. We see
sexual reproduction as a process that helps organisms to
maintain complex biological systems, which are sensitive to
disturbances, by selectively recombining only with other
organisms that are very similar, thereby defining species. In
S. Overballe-Petersen and E. Willerslev Prospects & Overviews....
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case of endosymbiotic gene transfer the eukaryotic barriers to
HGT are not very efficient. These kinds of transfers are
predominantly evolutionary one-way transfers, where para-
sites or symbionts are donors of genes to host cells. Transfers
of DNA can occur in the opposite direction, but these rarely
acquire any function and therefore they are normally not
maintained evolutionarily. There seems to be a fundamental
drive towards collecting cellular genes in one genetic
system [50]. The reason behind this is not resolved yet, but
the observed reduction of organellar genomes apply to all
types of endosymbiotic cell compartments that have, or have
had, separate DNA. Because endosymbiotic gene transfer does
not happen with random environmental sources of extracel-
lular DNA it differs from HGT, which is typically an arbitrary
phenomenon. The physical and enzymatic barriers that
eukaryotes have raised against HGT work poorly against
endosymbiotic gene transfer, because the DNA is already
inside the cell. Consequently, the relatively low eukaryotic
barriers against endosymbiotic gene transfer compared to
random HGT represents a continuous genetic link to archaea
and bacteria that is probably still evolutionary active today.
This could be assisting in maintaining a more or less universal
genetic code across the three domains of life.
Concluding remarks
Horizontal gene transfer of long DNA fragments from one
extant cell to the next is already known to influence the rate
and means of bacterial evolution. Now, we need to consider
that the massive amounts of highly degraded DNA in the
environment may also be subject to HGT, implying that the
diversity of dead cells in the environment influences the speed
of evolution of living cells. Currently, we do not know to what
extent this process takes place under natural settings;
however, the immeasurable amounts of DNA and microbes
in the biosphere supply ample opportunity for short DNA
natural transformations to occur. DNA is found in most
environments on Earth, and, particularly in sediments, DNA
can survive tens of thousands of years. This provides an
unrecognised potential for genetic transfers across timescales
of many generations, and a cause of anachronistic evolution.
Furthermore, the simplicity of the DNA integration process
suggests it was occurring far back in time, maybe even in early
life on Earth.
Sexual reproduction has a longstanding position as the
supreme type of reproduction in evolution – one that gave rise
to complex multicellular plants and animals. Sexual repro-
duction is viewed as opposite to HGT, a paradigmatic divide
that is often presented as vertical descent versus horizontal/
lateral exchanges. However, this opposition is an artificial
construct in our view. Rather, sexual reproduction represents
a type of controlled selective HGT that optimizes the
evolutionary advantage of homologous genetic exchange by
maintaining relatively high barriers to random interfering
transfers. Furthermore, in our opinion sexual reproduction
was a prerequisite for the evolution of multicellularity due
to this shielding from “genetic interference” from random
HGT that allowed for a stable cooperation of cell consortia,
eventually resulting in true multicellularity.
Acknowledgements
The authors thank our colleague David Alquezar for proof-
reading the manuscript. Centre for GeoGenetics is funded by
The Danish National Research Foundation (DNRF94) and the
Faculty of Science, University of Copenhagen, Denmark.
The authors have declared no conflict of interest.
References
1. Griffith F. 1928. The significance of pneumococcal types. J Hyg (Lond)
27: 113–59.
2. Nielsen KM, Bohn T, Townsend JP. 2014. Detecting rare gene transfer
events in bacterial populations. Front Microbiol 4: 415.
3. Koonin EV, Wolf YI. 2008. Genomics of bacteria and archaea: the
emerging dynamic view of the prokaryotic world. Nucleic Acids Res 36:
6688–719.
4. Johnston C, Martin B, Fichant G, Polard P, et al. 2014. Bacterial
transformation: distribution, shared mechanisms and divergent control.
Nat Rev Microbiol 12: 181–96.
5. Thomas CM, Nielsen KM. 2005. Mechanisms of, and barriers to,
horizontal gene transfer between bacteria. Nat Rev Microbiol 3: 711–21.
6. Nielsen KM, Johnsen PJ, Bensasson D, Daffonchio D. 2007. Release
and persistence of extracellular DNA in the environment. Environ
Biosafety Res 6: 37–53.
7. Johnsborg O, Eldholm V, Havarstein LS. 2007. Natural genetic
transformation: prevalence, mechanisms and function. Res Microbiol
158: 767–78.
8. Fraser C, Hanage WP, Spratt BG. 2007. Recombination and the nature
of bacterial speciation. Science 315: 476–80.
9. Deagle BE, Eveson JP, Jarman SN. 2006. Quantification of damage in
DNA recovered from highly degraded samples – a case study on DNA in
faeces. Front Zool 3: 11.
10. Allentoft ME, Collins M, Harker D, Haile J, et al. 2012. The half-life of
DNA in bone: measuring decay kinetics in 158 dated fossils. Proc Biol Sci
279: 4724–33.
11. Pietramellara G, Ascher J, Borgogni F, Ceccherini MT, et al. 2009.
Extracellular DNA in soil and sediment: fate and ecological relevance.Biol
Fertil Soils 45: 219–35.
12. Dell’Anno A, Danovaro R. 2005. Extracellular DNA plays a key role in
deep-sea ecosystem functioning. Science 309: 2179.
13. Overballe-Petersen S, Harms K, Orlando LAA, Mayar JVM, et al. 2013.
Bacterial natural transformation by highly fragmented and damaged DNA.
Proc Natl Acad Sci USA 110: 19860–5.
14. Levy-Booth DJ, Campbell RG, Gulden RH, Hart MM, et al. 2007.
Cycling of extracellular DNA in the soil environment. Soil Biol Biochem 39:
2977–91.
15. Parducci L, Jorgensen T, Tollefsrud MM, Elverland E, et al. 2012.
Glacial survival of boreal trees in northern Scandinavia. Science 335:
1083–6.
16. Haile J, Froese DG,MacpheeRD, Roberts RG, et al. 2009. Ancient DNA
reveals late survival of mammoth and horse in interior Alaska. Proc Natl
Acad Sci USA 106: 22352–7.
17. Willerslev E, Cappellini E, BoomsmaW, Nielsen R, et al. 2007. Ancient
biomolecules from deep ice cores reveal a forested southern Greenland.
Science 317: 111–4.
18. Willerslev E, Hansen AJ, Binladen J, Brand TB, et al. 2003. Diverse
plant and animal genetic records from Holocene and Pleistocene
sediments. Science 300: 791–5.
19. Orlando L, Ginolhac A, Zhang G, Froese D, et al. 2013. Recalibrating
Equus evolution using the genome sequence of an early Middle
Pleistocene horse. Nature 499: 74–8.
20. Moerschell RP, Tsunasawa S, Sherman F. 1988. Transformation of
yeast with synthetic oligonucleotides. Proc Natl Acad Sci USA 85: 524–8.
21. Campbell CR, Keown W, Lowe L, Kirschling D, et al. 1989.
Homologous recombination involving small single-stranded oligonucleo-
tides in human cells. New Biol 1: 223–7.
22. Yamamoto T, Moerschell RP, Wakem LP, Ferguson D, et al. 1992.
Parameters affecting the frequencies of transformation and co-transfor-
mation with synthetic oligonucleotides in yeast. Yeast 8: 935–48.
23. Yamamoto T, Moerschell RP, Wakem LP, Komar-Panicucci S, et al.
1992. Strand-specificity in the transformation of yeast with synthetic
oligonucleotides. Genetics 131: 811–9.
....Prospects & Overviews S. Overballe-Petersen and E. Willerslev
1009Bioessays 36: 1005–1010, 2014 The Authors. BioEssays Published by WILEY Periodicals, Inc.
P
ro
b
le
m
s
&
P
a
ra
d
ig
m
s
24. Igoucheva O, Alexeev V, Yoon K. 2001. Targeted gene correction by
small single-stranded oligonucleotides in mammalian cells. Gene Ther 8:
391–9.
25. Dutra BE, Sutera VA, Jr., Lovett ST. 2007. RecA-independent
recombination is efficient but limited by exonucleases. Proc Natl Acad
Sci USA 104: 216–21.
26. Swingle B, Markel E, Costantino N, Bubunenko MG, et al. 2010.
Oligonucleotide recombination in Gram-negative bacteria. Mol Microbiol
75: 138–48.
27. Bryan A, Swanson MS. 2011. Oligonucleotides stimulate genomic
alterations of Legionella pneumophila. Mol Microbiol 80: 231–47.
28. Palmen R, Hellingwerf KJ. 1997. Uptake and processing of DNA by
Acinetobacter calcoaceticus – a review. Gene 192: 179–90.
29. Dell’Anno A, Corinaldesi C. 2004. Degradation and turnover of
extracellular DNA in marine sediments: ecological and methodological
considerations. Appl Environ Microbiol 70: 4384–6.
30. Ginolhac A, Rasmussen M, Gilbert MT, Willerslev E, et al. 2011.
mapDamage: testing for damage patterns in ancient DNA sequences.
Bioinformatics 27: 2153–5.
31. Molak M, Ho SY. 2011. Evaluating the impact of post-mortem damage
in ancient DNA: a theoretical approach. J Mol Evol 73: 244–55.
32. Goldenfeld N, Woese C. 2007. Biology’s next revolution. Nature 445:
369.
33. David LA, Alm EJ. 2011. Rapid evolutionary innovation during an
Archaean genetic expansion. Nature 469: 93–6.
34. Vetsigian K, Woese C, Goldenfeld N. 2006. Collective evolution and the
genetic code. Proc Natl Acad Sci USA 103: 10696–701.
35. Syvanen M. 2012. Evolutionary implications of horizontal gene transfer.
Annu Rev Genet 46: 341–58.
36. Syvanen M. 2002. Recent emergence of the modern genetic code: a
proposal. Trends Genet 18: 245–8.
37. Syvanen M. 2002. On the occurrence of horizontal gene transfer
among an arbitrarily chosen group of 26 genes. J Mol Evol 54:
258–66.
38. Lane N, Martin WF, Raven JA, Allen JF. 2013. Energy, genes and
evolution: introduction to an evolutionary synthesis. Philos Trans R Soc
Lond B Biol Sci Series B Biol Sci 368: 20120253.
39. Muller HJ. 1964. The relation of recombination to mutational advance.
Mutat Res 106: 2–9.
40. Takeuchi N, Kaneko K, Koonin EV. 2014. Horizontal gene transfer can
rescue prokaryotes fromMuller’s Ratchet: benefit of DNA from dead cells
and population subdivision. G3 (Bethesda) 4: 325–39.
41. Keightley PD, Otto SP. 2006. Interference among deleterious mutations
favours sex and recombination in finite populations. Nature 443: 89–92.
42. Egel RP, Lankenau D-H. 2007. On the origin of meiosis in eukaryotic
evolution: coevolution of meiosis and mitosis from feeble beginnings.
In Lankenau D.-H., Egel R., ed; Recombination and Meiosis: Models,
Means, and Evolution Berlin Springer-Verlag; Heidelberg: Berlin
Heidelberg. p. 249–88.
43. Cavalier-Smith T. 2010. Origin of the cell nucleus, mitosis and sex: roles
of intracellular coevolution. Biol Direct 5: 7.
44. Mark Welch JL, Mark Welch DB, Meselson M. 2004. Cytogenetic
evidence for asexual evolution of bdelloid rotifers. Proc Natl Acad Sci
USA 101: 1618–21.
45. Boschetti C, Carr A, Crisp A, Eyres I, et al. 2012. Biochemical
diversification through foreign gene expression in bdelloid rotifers. PLoS
Genet 8: e1003035.
46. Gladyshev EA, Meselson M, Arkhipova IR. 2008. Massive horizontal
gene transfer in bdelloid rotifers. Science 320: 1210–3.
47. Lane N, Martin W. 2010. The energetics of genome complexity. Nature
467: 929–34.
48. Martin W, Koonin EV. 2006. Introns and the origin of nucleus-cytosol
compartmentalization. Nature 440: 41–5.
49. Dunning Hotopp JC, Clark ME, Oliveira DC, Foster JM, et al. 2007.
Widespread lateral gene transfer from intracellular bacteria to multicellu-
lar eukaryotes. Science 317: 1753–6.
50. Blanchard JL, Lynch M. 2000. Organellar genes: why do they end up in
the nucleus? Trends Genet 16: 315–20.
S. Overballe-Petersen and E. Willerslev Prospects & Overviews....
1010 Bioessays 36: 1005–1010, 2014 The Authors. BioEssays Published by WILEY Periodicals, Inc.
P
ro
b
le
m
s
&
P
a
ra
d
ig
m
s
